Objective: To examine the effect of different doses of triiodothyronine (T3) on mRNA levels of thyroid hormone receptors, TRα and TRβ, at different times. Materials and methods: 3T3-L1 adipocytes were incubated with T3 (physiological dose: F; supraphysiological doses: SI or SII), or without T3 (control, C) for 0.5, 1, 6, or 24h. TRα and TRβ mRNA was detected using real-time polymerase chain reaction. Results: F increased TRβ mRNA levels at 0.5h. After 1h, TRα levels increased with F and SI and TRβ levels decreased with SII compared with C, F, and SI. After 6h, both genes were suppressed at all concentrations. In 24h, TRα and TRβ levels were similar to those of C group. Conclusions: T3 action with F began at 1h for TRα and at 0.5h for TRβ. These results suggest the importance of knowing the times and doses that activate T3 receptors in adipocytes. Arq Bras Endocrinol Metab. 2013;57(5):368-74 Keywords TRα; TRβ; triiodothyronine; adipocytes RESUMO Objetivo: Examinar o efeito de diferentes doses de triiodotironina (T3) sobre a expressão gêni-ca dos receptores TRα e TRβ em diferentes tempos. Materiais e métodos: Adipócitos, 3T3-L1, foram incubados com T3 nas doses fisiológica (F, 10nM) e suprafisiológicas (SI, 100nM ou SII, 1000nM) ou veículo (controle, C) durante 0,5, 1, 6 ou 24h. mRNA dos TRs foram detectados utilizando PCR em tempo real. Resultados: Níveis de TRβ aumentaram em F em 0,5h. Após 1h, níveis de TRα aumentaram em F e SI comparado ao C, enquanto TRβ diminuiu no SII comparado com C, F, e SI. Após 6h, ambos os genes foram suprimidos em todas concentrações. Em 24h, níveis de TRα e TRβ retornaram aos do C. Conclusões: Ação do T3 em F iniciou-se em 1h para TRα e 0,5h para TRβ. Esses resultados são importantes para determinar tempo inicial e dose de T3 em que os receptores de HT são ativados em adipócitos. Arq Bras Endocrinol Metab. 2013;57(5):368-74 
INTRODUCTION
T hyroid hormones (TH) influence the metabolism and development of adipose tissue by modulating the proliferation and differentiation of adipocytes (1) .
TH action is mediated mainly by the modification of gene expression by nuclear receptors, which are transcriptional factors regulated by ligands that adhere to the chromatin (2) . TH receptors (TR) are proteins that belong to the nuclear hormone receptor superfamily. These receptors originate from the genes for TR alpha (TRα) and TR beta (TRβ) (3, 4) that, in humans, are located on chromosomes 17 and 3, respectively.
According to Yen (5) and Obregon (6) , adipose tissue represents an important target for TH because it expresses TRα and TRβ. THs are regarded as important factors in the regulation of the development and function of adipose tissue (5, 7, 8) . It has been shown that TRs are expressed in both white and brown adipose tissue. However, there have been no studies on the modulation of TRs by different doses of triiodothyronine (T3) at different times.
In this study, we evaluated the effects of different doses and times of T3 on the expression levels of TRs. We observed that TRβ was modulated by T3 starting at 0.5h, and TRα was modulated later, starting at 1h.
MATERIALS AND METHODS

Cell culture and differentiation
The experimental protocol was approved by the Ethics Committee on Animal Experiments of the Botucatu School of Medicine-UNESP (protocol nº 752).
For the in vitro study, the 3T3-L1 cell line was used. These cells were acquired from the Cell Bank of the Rio de Janeiro Federal University (UFRJ) and were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Gibco ® , Life Technologies Corporation, Grand Island, NY, USA) was supplemented with 10% fetal bovine serum (FBS) (Gibco ® , Life Technologies Corporation), 1% antibiotic/antimycotic (Sigma-Aldrich Co. LLC, St. Louis, MO, USA) agent, under an atmosphere of 5% CO 2 at 37°C. Cells were maintained in these culture conditions until they reached approximately 100% confluency, and were subsequently transferred to 6-well plates. After reaching 100% confluency in the wells, cells were submitted to the differentiation process, during which they remained for 3 days in DMEM containing 10% FBS, 100 mM 1-methyl-3-isobutilxanthine (IBMX) (Sigma-Aldrich Co. LLC), 1 mM dexamethasone (Sigma-Aldrich Co. LLC), and 5 mg/L insulin (Sigma-Aldrich Co. LLC). After this period, cells were maintained for 7 days in DMEM containing 10% FBS and 5 mg/mL insulin. Following the period of cell differentiation, adipocytes were subjected to TH depletion for 36 h in DMEM supplemented with charcoal-stripped fetal serum (Sigma-Aldrich Co. LLC).
Subsequently, cells were treated with a physiological dose of T3 (10 nM, which is hereafter referred to as F) or supraphysiological doses of T3 (100 nM and 1000 nM, which are hereafter called SI and SII, respectively) for 0.5, 1, 6, or 24h. A non-treated group, only 0.1% NaOH (diluent T3), was used as control (C).
Oil red O staining
After 10 days of differentiation, the culture medium was removed, and the cells were washed twice with phosphate-buffered saline. Subsequently, 1 mL of formaldehyde was added, and the cells were incubated for 30 min at room temperature, and then washed 3 times with phosphate-buffered saline. Thereafter, 300 μL of Oil Red O dye (Sigma-Aldrich Co. LLC) was added, and the cells were incubated for 2h at 37°C. After that period, cells were washed 3 times with distilled water and placed in an incubator to dry. Cells were observed under a microscope in order to verify differentiation by red coloring of the adipose cells. TRα and TRβ mRNA levels (Table 1) were determined by real-time polymerase chain reactions (RT-qP-CR). Quantitative measurements were performed with Applied Biosystems StepOne Plus detection system with the TaqMan qPCR commercial kit (Life Technologies Corporation) according to the manufacturer's instructions. The amplification conditions were as follows: enzyme activation at 50°C for 2 min, denaturation at 95°C for 10 min. The cDNA products were amplified by 40 cycles of denaturation at 95°C for 15 s, and annealing/extension at 60°C for 1 min. All assays were performed in triplicate. Levels of gene expression Table 1 . Assays used at RT-qPCR
Gene expression
Gene Assay
TRβ Mm00437044_m1
TRα Mm00617505_m1
Cyclophilin Mm00434759_m1
TRβ: thyroid hormone receptor beta; TRα: thyroid hormone receptor alpha. TRβ and TRα assays correspond to homologue sequence of isoforms 1 and 2.
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were quantified relative to group C value, after normalization with the internal control (cyclophilin) by the 2 -ΔΔCt method, as described elsewhere (9) .
Statistical analysis
The differences between TRα and TRβ mRNA levels for all experiments were assessed by Student's t--test. Differences of TRα and TRβ gene expression for different T3 doses at each moment were assessed by one-way analyses of variance (ANOVA) followed by Tukey's test. Data are expressed as mean ± standard deviation. Significance level was set at 5%. Figure 1A shows 3T3-L1 cells prior to differentiation.
RESULTS
In the presence of the differentiation cocktail (insulin, dexamethasone, and IBMX), cells differentiated from preadipocytes into adipocytes that had the morphology of mature adipocytes, characterized by a large quantity of lipid droplets in the cytoplasm (Figures 1B and C). These droplets become more evident with the oil red staining ( Figure 1C ), as the lipids get stained in red.
Differential expression of TRα and TRβ in adipocytes
Data obtained in the current study show differential expression of TRα and TRβ levels in adipocytes. TRα expression levels were higher in comparison with TRβ for all groups (Table 2) .
Different concentrations of T3 modulated TRα mRNA levels at different time periods Figure 2 shows the modulation of TRα mRNA levels in the 3T3-L1 adipocytes in the absence (C group) or presence of T3 (F, SI, and SII groups) at different mo- 3T3-L1 adipocytes were treated with T3 at physiological dose (F, 10 nM) and supraphysiological doses (SI, 100 nM or SII, 1000 nM) or without T3 (C, control) for 0.5h, 1h, 6h, or 24h. Total RNA was extracted and analyzed by RT-qPCR. Data are expressed as means ± standard deviations.
Comparison between TRβ and TRα mRNA levels were analyzed using Student's t test. All assays were performed in triplicate (n = 3 for each treatment).
ments (0.5, 1, 6, or 24h), as measured by RT-qPCR. The different concentrations of T3 did not affect the levels of mRNA expression of the TRα gene in the 0.5-h treatment period (Figure 2A ). TRα expression levels were higher at 1h of treatment in the SI and F groups in comparison with the C and SII groups ( Figure 2B ). At the 6-h time point, TRα gene expression levels decreased in groups F, SI, and SII in comparison with group C ( Figure 2C ). TRα levels were increased in treatment group F at 24h compared with C. However, there was a decrease in the SI and SII groups in comparison with the increase that was observed in F ( Figure 2D ).
Arq Different concentrations of T3 modulated TRβ mRNA levels at different time periods Figure 3 shows the modulation of TRβ mRNA levels in the 3T3-L1 adipocytes in the absence (C group) or presence of T3 (F, SI, and SII groups) at different periods (0.5, 1, 6, or 24h), as measured by RT-qPCR. There was an increase in TRβ mRNA levels in F group when compared with those of C, at 0.5h ( Figure 3A) . At 1h, suppression in the levels of TRβ gene expression was evident in SII compared with those of groups C, F, and SI ( Figure 3B ). At 6h, decrease in TRβ mRNA levels was observed in groups F, SI, and SII compared with those of group C ( Figure 3C ). At 24h, TRβ levels decreased in F group when compared with C ( Figure  3D ).
DISCUSSION
Lipid metabolism is closely associated with a number of health problems; the regulation of adipocytes represents an emerging area of interest. The adipose tissue, which is a target of TH, shows the expression of thyroid receptors that are considered important factors in the regulation of the development and function of this tissue (5, 7, 8) .
The present study was designed to elucidate the effects of T3 on TRα and TRβ mRNA expression levels in adipose tissue, without the interference of systemic factors. As experimental models, we used the 3T3-L1 cell line, embryonic cells from Mus musculus ( Figure  1A) , and differentiated in vitro adipocytes (Figures 1B and C) because they represent well-established models for adipogenesis (10) . Furthermore, we quantified TRα and TRβ mRNA levels by RT-qPCR.
The TRα gene is widely expressed in the early stages of development, while the TRβ gene is restricted to the late stages of embryogenesis when it is induced in the brain, pituitary gland, and other tissues (11) . We observed that TRα mRNA levels were much higher than TRβ mRNA levels in 3T3-L1 adipocytes (Table 2) , in (12) . The differential expression of TR genes suggests that they may mediate distinct functions (13) . It has been shown that TRα1 is critical in thermoregulation via regulation at the level of local, via central regulation, or both, whereas TRβ seems to be more involved in the regulation of lipid metabolic pathways (14) . Moreover, although TRα and TRβ are similar in the DNA and ligand domains (15) , there are fundamental differences in the ligandbinding domain that, nowadays, have enabled the design of ligands that specifically interact with TRα or TRβ, and these have been important tools of isoformspecific actions (16) . We observed that the modulation of the levels of TRα by different doses of T3 was initiated after 1h of treatment when the physiological dose of 10 nM (17) that was given to group F increased the levels of TRα compared with those of groups C and SI. The TRα expression levels in the SII group remained unchanged compared with group C (Figure 2A) . We can speculate that this consistency in the TRα expression levels in the SII group was due to a downregulation of this receptor because this group showed a decrease in TRα levels compared with groups F and SI. The downregulation process occurred due to the exposure of the cells to high doses of TH (18) .
Monden and cols. (19) observed a decrease in TRα mRNA levels in human medulloblastoma cells (HTB-185) at a dose of 100 nM, which was the same dose used in the SI group for 24h. In the present study, we also observed a reduction in TRα in this group compared with the T3 physiological levels that were administrated to group F. However, group F had increased TRα levels compared with group C, and group SII was decreased relative to F ( Figure 2D) .
Kanamori e Brown (20) showed that T3 modulated the TRα mRNA expression levels in tadpoles, but it had no effect on the epithelial cell culture of embryonic Xenopus laevis (XL-177) incubated with T3 for 24h at a concentration of 5 nM. These findings do not cor-roborate our results, which may be due to the use of a different experimental model and of a T3 dose that was lower than that used in our experiments.
Jiang and cols. (12) analyzed the TRα expression levels during the differentiation period of 3T3-L1 cells in the absence or presence of T3 at a concentration of 100 nM. Although the treated group had a higher accumulation of triglycerides, the TRα expression levels were similar for both treated and untreated cells, different from our results, and probably because mRNA quantification by semi-quantitative PCR is less sensitive than that done with RT-qPCR.
We observed an increase in TRβ mRNA levels in group F after 0.5-h incubation, but not for TRα (Figure 3A) . This led us to speculate that at 0.5h, T3 bound to its receptor α, which is more abundant in adipocytes, resulting in an increased transcription of TRβ. After the 1-h incubation, we observed a decrease in TRβ levels in group SII relative to the other groups ( Figure 3B ), which indicated a decrease of thyroid receptors in the presence of high doses of T3.
Increasing the incubation period to 6h, we observed a suppression of TRβ in the F, SI, and SII groups compared with those in the C group, which was the same observed for TRα ( Figures 3C and 2C) . If the transcription of TRβ depends on the binding of T3 to TRα, that would explain the decreased levels of TRβ at this incubation time.
At 24h, only the F group maintained TRβ levels below group C ( Figure 3D ). There was an increase in the expression of TRβ at 0.5h, which was followed by a progressive reduction until 6h; TRβ levels tended to return to normality in 24h. This suggested that a defense or adaptation mechanism occurred in the cells in response to treatment with TH.
Previous studies from our group have shown that physiological doses of T3 decreased TRβ gene expression levels in the adipose tissue of obese animals that were subjected to food restriction (21) , corroborating the results obtained in the present study at 6 and 24h. Moreover, Liu and cols. (22) found that TRβ gene expression levels remain unchanged in the myocardium of hyperthyroid rats compared with the myocardium of euthyroid rats, suggesting that the actions of T3 in its receptors are different for different tissues and experimental models.
In summary, the physiological and supraphysiological doses of T3 modulated TR mRNA expression levels by showing that, at 6h, a suppression of both genes occurred in the presence of different doses of T3, and that, after 24h, the expression levels tended to return to normality. Since the interaction with the T3 nuclear receptors leads to the activation or inhibition of target expression of genes, implying the stimulation or blocking of the synthesis of specific proteins, mechanism by which TH exerts its biological effects on cells, the results presented are important for an understanding in which T3 dose (physiological or supraphysiological), at different incubation times, T3 activates thyroid hormone receptors in adipocytes.
